It has been suggested that non-relativistic outflows from quasars can naturally account for the missing component of the extragalactic γ-ray background and explain the cumulative neutrino background through pion decay in collisions between protons accelerated by the outflow shock and interstellar protons. Here we show that the same quasar outflows are capable of accelerating protons to energies of ∼ 10 20 eV during the early phase of their propagation. The overall quasar population is expected to produce a cumulative ultra high energy cosmic ray flux of ∼ 10 −7 GeV cm −2 s −1 sr −1
It has been suggested that non-relativistic outflows from quasars can naturally account for the missing component of the extragalactic γ-ray background and explain the cumulative neutrino background through pion decay in collisions between protons accelerated by the outflow shock and interstellar protons. Here we show that the same quasar outflows are capable of accelerating protons to energies of ∼ 10 20 eV during the early phase of their propagation. The overall quasar population is expected to produce a cumulative ultra high energy cosmic ray flux of ∼ 10 −7 GeV cm −2 s −1 sr
at ECR 10 18 eV. The spectral shape and amplitude is consistent with recent observations for outflow parameters constrained to fit secondary γ-rays and neutrinos without any additional parameter tuning. This indicates that quasar outflows simultaneously account for all three messengers at their observed levels.
Introduction.-The observed ultra high energy cosmic ray (UHECR) spectrum is characterized by various spectral features [1, 2] . The hardening of the spectrum at ∼ 4 × 10 18 eV, so-called the ankle, can be produced by a transition from Galactic to extragalactic cosmic rays (CRs) for either mixed composition or iron-dominated models [3] , or by pair production propagation losses in proton-dominated models [4] . The flux suppression detected above ∼ 3 × 10 19 eV, is either caused by the interaction between UHECRs and the cosmic microwave background (CMB) photons, the so-called Greisen-ZatsepinKuzmin (GZK) cutoff [5, 6] , or is potentially associated with the maximum energy of the accelerated nuclei [7] . The spectrum can be fitted by a power-law with spectral index of ∼ 3 between the cosmic knee (∼ 10 15 eV) and the ankle, and ∼ 2.6 between the ankle and the GZK cutoff. The origin of UHECRs remains uncertain but it is believed to be of an extragalactic origin [2] .
Growing observational evidence reveals the existence of large-scale outflows driven by the active galactic nuclei (AGN). It includes the detection of multi-phase outflows in nearby ultraluminous infrared galaxies [8, 9] and the presence of broad absorption lines in quasars [10, 11] . In previous work [12] , we derived a detailed hydrodynamical model of quasar outflow's interaction with the ambient interstellar medium (ISM) (See Ref. [12] for details). Protons accelerated by the outflow shock to relativistic energies interact with the interstellar protons and produce secondary γ-ray photons and neutrinos via pion production that naturally account for the missing component of the extragalactic γ-ray background (EGB) [13] , as well as the cumulative neutrino background (CNB) [14] .
In this Letter, we calculate the cumulative UHECR flux above ∼ 10 18 eV produced by non-relativistic quasar outflows and discuss the multi-messenger implications with secondary γ-rays and neutrinos simultaneously generated by the same population of sources.
UHECR production.-Ultra-fast winds with a velocity ∼ 0.1 c are continuously injected into the ISM of the host * xiawei.wang@cfa.harvard.edu galaxy during the quasar's lifetime [16] , taken to be the Salpeter time t Sal ∼ 4 × 10 7 yrs, and drive a forward outflow shock that accelerates protons to relativistic energies via the Fermi acceleration, in analogy with supernovadriven shocks [17] . Here we consider the non-relativistic spherical outflows, rather than the collimated relativistic jets seen in only ∼ 10% of the AGN population [15, 16] . The resulting proton spectrum can be described by a power-law profile with an exponential cutoff [17] :
where E p is the proton energy, E max is the maximum energy of the accelerated protons and Γ p is the powerlaw index. N 0 is the normalization constant that can be constraint by:
where the minimum proton energy E min ∼ m p c 2 , m p is the proton mass and ǫ nt is the fraction of outflow's kinetic luminosity L kin converted to accelerated protons. We assume that L kin is a fraction, f kin , of the quasar's bolometric luminosity L bol . Secondary γ-ray photons and neutrinos are produced via pion decay from interaction between accelerated protons and ambient protons in the ISM. We adopt ǫ nt ∼ 0.1 similarly to the conditions in supernova remnants (SNRs) [17, 18] and f kin ∼ 1 − 5% from fitting the resulting γ-rays and neutrinos to the EGB [13] and CNB [14] , consistently with observations [39] and theoretical models [17] of supernova shocks. The maximum energy of the accelerated protons, E max , can be extrapolated from E max ≈ E sh ω c t dyn /3κ for shocks with an Alfvén Mach number M 100 [18] , where
√ M, and B 0 and B are the pre-shock and post-shock magnetic field, respectively. B 0 can be obtained from equipartition of energy in the ambient ISM. Here M = v s /v A , v A = B 0 / 4πn 0 m p and n 0 and T 0 are the ambient ISM number density and temperature, described by Ref. [12] . The dynamical time, t dyn ∼ R s /v s , where R s and v s are the radius and velocity of the outflow, respectively, as determined from outflow hydrodynamics (see Ref. [12] for details). For R s 200 pc, M ∼ 10 2 − 10 3 . We can also derive E max by equating the acceleration timescale [23] , t acc ∼ E p c/eBv 2 s , to the minimum of the dynamical (t dyn ) and cooling (t cool ) timescale. For simplicity, we adopt the most optimistic assumption of energy equipartition [24] , in analogy to SNRs, namely that a fraction of the post-shock thermal energy is carried by the magnetic field, B 2 /8π = ξ B n s kT s , where ξ B ∼ 0.1 based on observations [26] , k is the Boltzmann constant, and n s and T s are the number density and temperature of the shocked medium, respectively. We have verified that the results from the above two approaches are consistent.
Accelerated protons lose energies via hadronuclear (pp) or photohadronic (pγ) interactions. In the pp scenario, the cooling timescale is given by [27] :
where κ pp ∼ 0.5 is the inelasticity parameter, σ pp ≈ 30[0.95 + 0.06 ln(E kin /1GeV)] mb is the cross section of pp collision [28] and
The pγ cooling timescale can be obtained by [29, 31] :
where ǫ th ∼ 145 MeV is the threshold energy for pion production in the rest frame of the protons and
The numerical approximation for the total photohadronic cross section, σ pγ , is taken from Mücke et al. (2000) [32] . n(ǫ γ ) is the number density of soft photons in the energy range ǫ γ to ǫ γ + dǫ γ . We adopt a template for quasar's spectral energy distribution which includes infrared emission from the dusty torus, optical and UV emission from the accretion disk and X-ray emission from the corona [33, 34] . A comparison of the relevant timescales is shown in Figure 1 .
The most effective acceleration of UHECRs occurs in the early phase of outflow's propagation. We estimate the optical depth of protons interacting with soft photons from the quasar and verify that only absorption of CMB photons have a non-negligible impact on the UHECR spectrum. The resulting E max and B as a function of outflow radius R s and elapsed time t is depicted in Figure 2 . Figure 2 shows that E max reaches ∼ 10 20 eV after the wind is launched and rapidly declines to 10 17 eV as v s decreases when the outflow enters the galactic halo, below the energy range of interest here. The duration of UHECR production is ∼ 10 4 yrs, ∼ 0.01% of a quasar's lifetime. This suggests that only ∼ 0.01% of quasars at any given time produce UHECRs; this sets a threshold on the sample size of AGNs needed to obtain a meaningful cross-correlation signal with the arrival directions of UHECRs. An additional constraint on UHECR production is the size of the source and the magnetic field intensity calibrated by equipartition with the post-shock thermal energy, known as the Hillas criterion [35] . The UHECR source should be capable of confining the particles up to E max , or equivalently, the size of the source must be larger than the maximum Larmor radius of the particle. Measurements by the Pierre Auger Collaboration favor a heavier composition at the highest energies [41] . However, there are uncertainties in the modelling of hadronic interactions in the shower [2] . For simplicity, we adopt a proton-only prescription for the UHECRs accelerated by outflows since the ISM is mainly composed of protons, but we expected heavier nuclei to be accelerated as well based on the ISM metallicity. We verified that the size of the outflow satisfies R s E p /eB, as shown in the shaded region of Figure 2 , and find that t dyn and t pγ set a tighter constraint on E max .
Cumulative UHECR intensity.-The UHECRs interact with CMB photons in the intergalactic medium and produce secondary particles via photohadronic interaction which leads to pion production, p+γ CMB → n+pions, and pair production, p + γ CMB → p + e + + e − . We follow the detailed prescription given by Berezinsky et al. (2006) [4] to calculate the corresponding energy losses, which produces the dip at 10 18 − 10 20 eV, where the second flattening at ∼ 10 19 eV accounts for the ankle [2, 4] . The expected spectral shape is identical to the injection spectrum at each snapshot during the propagation of the outflow as UHECRs with energies 10 18 eV are not confined in the Galaxy and thus propagation effect can be neglected [2] . The piling up of spectra at each outflow snapshot makes the cumulative spectrum steeper due to the decrease of E max at large R s . We estimate the cumulative UHECR intensity by summing over the entire quasar population:
where
is the bolometric luminosity function of quasars [36] and E(z) = Ω M (1 + z) 3 + Ω Λ . We adopt the standard cosmological parameters, H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3 and Ω Λ = 0.7 [37] . f (E ′ CR , z) is the modification factor due to interaction with the CMB photons [4] . We assign outflows to all quasars, consistently with the source redshift evolution rate limits set by the Fermi-LAT and IceCube observations [21] .
In Figure 3 , we show the most recent γ-ray data from Fermi-LAT [39] , neutrino data from IceCube [40] and UHECR data from the Pierre Auger Observatory [41] and Telescope Array (TA) [42] . Using values of ǫ nt , f kin and Γ p constrained by fitting γ-rays to the EGB [13] (left section) and neutrinos to the CNB [14] (middle section), we derive the UHECR spectrum (right section) with Γ p ∼ 2.3 − 2.4 at E CR 10 18 eV without additional parameter tuning. For ǫ nt ∼ 10%, the best fit f kin ∼ 1 − 5% [13] is consistent with theoretical models 18 eV (solid) and 10 19 eV (dashed). The gas density profile is self-consistently determined by the halo mass and redshift [12] . The magnetic field energy density is estimated to be a fraction ξ B ∼ 0.1 of the equipartition value. For ǫnt ∼ 10% and f kin ∼ 5%, we find that pp collision timescale, tpp, is substantially longer than pγ interaction timescale, tpγ, at lower energies and smaller outflow radii. Therefore, the dynamical timescale t dyn and tpγ set a tighter constraint on Emax. and observations [9, 17] . It is important to note that we naturally obtain the spectral shape and amplitude of the UHECR flux from the same outflow model that explains the EGB and CNB. A simultaneous fit to the UHECR spectrum, composition and anisotropy is challenging, as shown by the preliminary results from the Pierre Auger Collaboration [41] . The spectrum could be sensitive to the detailed photohadronic interactions during UHECR propagation [20] , while the spectral shape might be affected by the presence of intervening magnetic fields at E CR 10 18 eV [38] .
Multi-messenger implications.-Secondary photons and neutrinos are produced as UHECRs interact with the ambient interstellar protons. The resulting γ-ray photons can naturally account for the missing component of the EGB at E g 10 GeV as suggested by the most recent Fermi-LAT observation [13, 39] , while the associated neutrinos explain the CNB as observed by IceCube [14, 40] . With ǫ nt ∼ 10%, f kin ∼ 1 − 5% and Γ p ∼ 2.3 − 2.4, constrained to fit the Fermi-LAT and IceCube data, we naturally explain the UHECR flux without additional parameter tuning, as shown in Figure 3 . This is consistent with parameter values inferred from observations of outflows [9] as well as the branching ratio between secondary γ-rays and neutrinos, which sets an upper limit on the power-law index of the injection spectrum to be 2.2 − 2.4 [14, 44] . Indeed, recent γ-ray observations suggest the existence of hadronic emission from an outflow in a nearby galaxy [43] . However, the predicted γ-ray emission from an individual outflow is too faint to be detected outside the local Universe (z ∼ 0.1), explaining why these outflows have been barely detected in γ-rays. The simultaneous radio emission from accelerated electrons by the same outflow shocks is sufficiently bright to be observed to a redshift of ∼ 5 and is free of contamination from scattered quasar light by the sur -FIG. 3 . γ-ray photons, neutrinos and UHECRs produced by quasar outflows. From left to right, we show the cumulative γ-ray, neutrino background and UHECR flux for Γp = 2.3 (solid line) and Γp = 2.4 (dashed line), represented by the hatched regions, respectively. For the γ-ray background, the contribution from other components to the EGB including blazars, radio galaxies and star-forming galaxies is plotted in comparison with the most recent Fermi -LAT data [39] . The cumulative neutrino background observed by IceCube [40] , represented by the data points and the gray band. In the right section, we show the most recent data from Pierre Auger Observatory [41] and TA [42] , and derive the cumulative UHECR intensity without additional parameter tuning. For simplicity, we assume a pure-proton prescription consistent with the composition of the ISM. We find that quasar outflows naturally explain the spectra of all three messengers with parameters consistent with observations [9] and theoretical models for supernova-driven shocks [17] .
rounding electrons in the halo [12] . Radio observations with the Jansky Very Large Array and the Square Kilometre Array could therefore directly image the shock front. Stacking analysis of γ-rays and neutrinos can be performed in the future to search for more direct evidence of quasar outflows [13] . Alternative UHECR sources such as blazars [45] could make up to ∼ 50% of the EGB at E g 10 GeV through synchrotron self-Compton emission and potentially dominate the EGB at higher energies [46] . However, they produce only ∼ 10% of the CNB at energies below ∼ 0.5 PeV [47] . Radio galaxies with misaligned jets can accelerate UHECRs via the same mechanism as blazars [48] . However, they account for only 10% of the EGB at E g 10 GeV [13] and do not fully account for the CNB. Another potential UHECR source is the gamma-ray bursts (GRBs) [31] , which can not account for most of the EGB. The identification of UHECR sources with γ-ray and neutrino sources would provide a smoking gun evidence for their origin [2, 50] .
Summary.-In this Letter, we have shown that the cumulative UHECR flux produced by non-relativistic quasar outflows naturally accounts for the observed spectrum at E CR 10 18 eV by Auger [41] and TA [42] . We constrained the free parameters of the model to fit data on the secondary γ-rays and neutrinos without additional parameter tuning. We find that the best fit power-law index of the injection spectrum is Γ p ∼ 2.3 − 2.4, consistent with observations of supernova remnants and theoretical models [17] . Altogether, quasar outflows simultaneously produce all three messengers -γ-rays, neutrinos and UHECRs -that account for the missing component of the EGB, the CNB and the observed UHECR spectrum.
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